Copper sulfides (Cu x S) are compound semiconductor materials that exhibit considerable variations of optical and electrical properties. Copper sulfide thin films can be used in many applications, such as solar control coatings, solar cells, photothermal conversion of solar energy, electroconductive coatings, and microwave shielding coatings. In this paper, chemical bath deposition growth of copper sulfide thin films were monitored for the first time using an in-situ quartz crystal microbalance as a function of time, temperature, concentrations of reactants, and pH. The reaction activation energy was determined based on initial growth rates. The high activation energy, 68 [kJ/mol], indicates that the rate limiting step of the deposition is the chemical reaction rather than mass transport. The structure, morphology, composition and optical absorption of the films were studied by scanning electron microscopy, transmission electron microscopy, energy dispersive X-ray spectroscopy and UV-Vis absorption spectroscopy respectively. These properties were found to depend strongly on the deposition conditions. © 2013 The Electrochemical Society. [DOI: 10.1149/2.008304jss] All rights reserved.
Metal chalcogenide thin films, like metal sulfide, metal selenides, and metal tellurides, possess useful electrical and optical properties and can be found in many technical applications. Copper sulfide (Cu x S) thin films are one of the potentially useful metal chalcogenides with signification variation in properties depending on the stoichiometry, 1 ≤ x ≤ 2. At room temperature, five stable phases of Cu x S are known to exist in the bulk form: CuS (covellite), Cu 1.75 S (anilite), Cu 1.8 S (digenite), Cu 1.96 S (djurleite), Cu 2 S (chalcocite). 1 The different phases of Cu x S exhibit considerable variations of optical and electrical properties, therefore they can be used in different potential applications, such as solar control coatings, solar cells, photothermal conversion of solar energy, electroconductive coatings, microwave shielding coatings, etc. 2 Copper sulfide thin films could be prepared by a variety of methods, including solution-based techniques (for example, successive ionic layer adsorption and reaction (SILAR), photochemical deposition, electrodeposition, chemical bath deposition (CBD), etc.) and gas phase techniques (for example, chemical vapor deposition (CVD), thermal co-evaporation, sputtering, etc.). Solution-based techniques require simpler and much lower capital cost equipment. Therefore, solution-based deposition methods are being considered as low-cost alternatives to gas phase techniques. [3] [4] [5] [6] Among various solution-based techniques, CBD is the most widely used technique for the deposition of Cu x S thin films. 4, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] In a typical batch CBD process, Cu x S thin films are deposited by simply immersing the substrates in a dilute solution containing copper and sulfur reactive species. The reaction is thermally activated. There are a few reports regarding the growth kinetics of CBD Cu x S thin films. Munce et al. investigated chemical bath deposition of copper sulfide thin films in details using a plethora of in-situ and ex-situ characterization tools including Surface Enhanced Raman Scattering (SERS), Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), Neutron reflectometry, and small angle X-ray scattering to investigate the early stages of film growth. 11, 17, 18 The deposition of CBD Cu x S was found to occur by a mechanism where the particles form in the solution and then adhere to the substrate according to the lack of a definable SERS spectrum prior to 1 min deposition. While during the incubation period, the spectra obtained from the nucleation products exhibited a similar composition to the final product formed on the substrate. Another Cu x S film growth study was reported by Xin et al. 2 They compared the Cu x S film growth by the conventional CBD with the microwave assisted CBD by measuring the film thickness at certain deposition times using the profilometer as an ex-situ technique. They found that the high frequency electromagnetic radiation of microwave heating accelerated the growth rate of copper sulfide thin films, resulting in thicker films at the same reaction time compared with the conventional CBD method. Moreover, Lu et al. investigated the growth study of Cu x S thin films by depositing CuS thin films by CBD on functionalized -NH 2 -terminated self-assembled monolayers (SAMs) surface which helps to control crystal heterogeneous nucleation and growth. 4 The reaction mechanism of ion-by-ion growth and cluster-by-cluster deposition were proposed for the observed deposition phenomena. There are a number of papers that report copper sulfide thin film growth by CBD, with different bath compositions and conditions (i.e. acidic or alkaline). 9, 12, 13, [19] [20] [21] However, no quantitative kinetic study of CBD Cu x S thin film growth has been reported in these studies. In-situ measurements are valuable and effective means to gain a better and more quantitative understanding of CBD Cu x S thin film growth mechanism and kinetics.
In this paper, we investigated CBD Cu x S thin film growth mechanism using in-situ quartz crystal microbalance (QCM) by considering the initial values of the growth rate as a function of the main reaction parameters (temperature, concentrations of reactants, and pH). The resulting thin films were characterized by scanning electron microscopy, transmission electron microscopy, energy dispersive X-ray spectroscopy, atomic force microscopy, and UV-Vis absorption. These characterizations together determine the composition, structural, and optical properties of the resulting thin films.
Experimental
Substrate preparation.-Microscope glass slides (1 × 3 inch from Fisher Scientific) were cleaned with a commercial detergent solution by scrubbing followed by rinsing with acetone, methanol, and deionized water. Clean substrates were dried in flowing nitrogen. In-situ growth measurement.-The film thickness and growth rate based on different bath conditions was measured using a quartz crystal microbalance (QCM, Maxtek incorporated Model at a frequency of 5 MHz). The setup consisted of a QCM probe with a quartz crystal inserted inside and immersed in the solution bath. The signal from the quartz crystal probe is sent to the quartz crystal monitor and computer for data acquisition.
Characterization of Cu x S thin films.-The Cu x S thin-film surface morphology, composition, and structure were analyzed by scanning electron microscopy (SEM) coupled with the X-ray analysis (EDS) (Quanta 600 FEG SEM). The formed nanoparticles in the solution were analyzed using transmission electron microscopy (TEM, Philips CM12 STEM operated at 120 kV). The crystal structure of CBD Cu x S films were characterized using high resolution TEM (FEI Titan 80-200 STEM). The surface morphology was analyzed using atomic force microscope (AFM Veeco Innova). The optical transmission and optical bandgap of CBD Cu x S thin films were determined using UV-VIS absorption measurement (JASCO V670 spectrophotometer).
Results and Discussion
Initial growth rate dependent. • C lasts for almost 10 minutes but decreases to 1-2 minutes at 60
• C. Fig. 1b shows a growth curve with three growth regimes (i.e. induction, growth, and terminal regime) for CBD Cu x S film growth at 60
• C. The initial film growth rates were estimated by taking the slope of the linear growth curves. The reacting species concentration within the initial linear growth region was assumed to be constant. Since the process is strongly temperature-activated, its variation is attributed only to the rate constant dependence on temperature, as expressed by Arrhenius equation
where r(T) is the growth rate as a function of temperature, A is the pre-exponential factor which includes the frequency factor and a constant related to the initial reagent concentration, E a is the activation energy, and R is the molar gas constant. Table I summarizes the initial growth rates at different temperatures. The activation energy can be determined from the slope of the linear fit of the logarithm of the initial growth rate as a function of 1000/T. The mean value of the activation energy in this case is about 68 kJ/mol over the temperature range considered. This value, which is considered high (50-100 [kJ/mol]), indicates that the rate determining step in the film deposition mechanism is a reaction limiting step rather than a mass transport step (e.g. diffusion) that normally has a lower activation energy value (a few tens of kJ/mol). 
where r is the growth rate which can be estimated from the slopes of linear growth curves as shown in the inset of Fig. 2b . K is a constant for a fixed set of conditions, C i is the initial reagent concentration that is being varied, and n is the reaction order of this reagent. Therefore, n can be estimated for each reagent as the slope of the linear fit of the log r vs. log[C i ]. The summary of the initial growth rates at different concentration of CuSO 4 is shown in Table I • C). An increase of the initial growth rate with the concentrations is observed as expected, as shown in the inset of Fig. 3b . The summary of the initial growth rates at different concentration of thiourea is shown in Table I . A reaction order of 0.63±0.1 is obtained from the slope of the linear fit of the log r vs. log[thiourea] shown in Fig. 3b .
Copper ions (Cu 2+ ), introduced in solution as copper salts, can form different complex species with complexing agents such as TEA and ammonia. Appropriate complexing agents are present to produce stable complex of Cu 2+ ions in the solution in which Cu 2+ ions are slowly released on dissociation, resulting in a controllable reaction rate. For a metal M and complexing agent A, the existence of free metal ions in the solution can be expressed by the equilibrium reaction
Influence of TEA concentration.- growth rate, corresponding to Eq. 3, which denotes that the Cu 2+ free concentration decreases when TEA concentration is increased. • C). As observed in Fig. 5a , an increase of pH value leads to a higher film growth rate. Higher concentration of OH − ions in the solution will push the reaction of thiourea hydrolysis forward, resulting in a high generation of sulfide ion source, as shown in Eq. 4-5. Table I summarizes • C. The effect of ammonia concentration was expected to behave similarly to TEA as they both act as complexing agents. The inset of Fig. 6b shows the slopes of the growth curves in the linear growth region. The summary of the initial growth rates at different concentration of ammonia is shown in Table I . It has been reported by Mondal et ions with TEA first, and then adding ammonia yields better uniformity of films with a maximum terminal thickness. 22, 23 An apparent reaction order of 0.49 ± 0.2 was calculated according to Fig. 6b . Normally, the addition of complexing agent decreases the reaction rate. The role of ammonia is not only to control the complexation of copper ions but also to provide OH − ions according to the equilibrium reaction expressed in Eq. 6. Thus addition of ammonia tends to increase the growth rate.
Since the ammonia concentration variation affects the pH of the solution, the reaction order cannot be determined directly with respect to ammonia concentration. The reaction order obtained in Fig. 6b is taken as an apparent reaction order affected by pH variation. In order to derive a real reaction order of ammonia, the ammonia hydrolysis equilibrium is taken into account, 21 we can write Using Eq. 2 for ammonia, we can write
na [9] where na is an apparent order and Eq. 9 can be rewritten as
1.91 [10] where nr is a real reaction order of ammonia. Eq. 10 can be rewritten using Eq. 8
(nr+0.96) [11] so nr can be calculated as nr = na − 0.96 [12] which gives place to a reaction order of −0.47 for ammonia. The negative apparent reaction order indicates that the role of ammonia complexing with Cu 2+ ions, which lowers the reaction rate when the ammonia concentration increases, dominates the effects of the variation of pH in the solution.
The The surface roughness of Cu x S thin films was examined by atomic force microscopy (AFM). The inset images in Fig. 7a-7c show the evolution of root mean square roughness (RMS), RMS is defined as the standard deviation of the surface height profile from the average height, of 32.0, 32.8, and 36.7 nm of the films deposited for (a) 30 min, (b) 40 min, and (c) 60 min, respectively. The results from the AFM are consistent with the results from the SEM accordingly, showing the formation of larger size grains at longer deposition time.
A cross-sectional SEM image of the resulting Cu x S thin film deposited on glass substrate for 60 min is shown in Fig. 8 observed film thickness is low because part of the reacting species is lost to the competing formation of Cu x S particles in the solution.
We deposited Cu x S heterogeneously on the thin lacey carbon surface of TEM copper grid. The film was prepared by dipping the grid in a batch solution at 40
• C for 15 minutes. The TEM image of Cu x S given in Fig. 9a shows a large collection of rice-shaped nanoparticles. Fig. 9b shows the corresponding a high resolution image of the Cu x S a speckled appearance of spherical particles. At 15 min, these small particles (<10 nm) start to aggregate with each other and form a network (Fig. 10b) . At this stage there is no obvious single particle forming and growing. At 30 min (Fig. 10c) , larger particles with a size of about 30-50 nm were observed. Particles continue to grow to 60-80 nm at 40 minutes of deposition time (Fig. 10e) . The large particles tend to aggregate together and form clusters which might correlate with the large particles observed in the SEM micrographs ( Fig. 7c-7d) . Fig. 11a . Whereas the films obtained at ratio of 0.100:0.056 and 0.100:0.028, when the concentration of thiourea is less than copper, the films do not fully cover the glass substrate surface, as shown in Fig. 11b-11c . This result coincides with the film appearance in which the film is discontinuous across the substrate surface. According to these observations, we believe that Cu x S film deposition requires the formation of meta-stable complex of copper as an anchoring site for the thiourea molecule adsorption. Therefore, when there is an excess of thiourea molecules compared to the copper sites, all of copper sites could be occupied, resulting in the uniform formation of Cu x S film across the substrate surface. On the contrary, in a thiourea deficient condition not all the copper sites would be occupied, resulting in nonuniformly covered films. This result clearly shows that the proper copper to thiourea ratio is important for obtaining continuous film coverage.
Optical studies.-The optical transmittance and optical bandgap of the Cu x S thin films were measured using a UV-visible spectrophotometer. The optical transmission spectra of the Cu x S films, prepared from a solution with a [CuSO 4 ] to [SC(NH 2 ) 2 ] molar ratio of 0.100:0.056 at 40
• C at various deposition time ranging from 30 to 120 minutes, are shown in Fig. 12 . The as-deposited films visually look uniform and transparent with a metallic appearance (see the inset in Fig. 12 ). The films show high transmittance in the visible region and the transmittance decrease for the films obtained at longer deposition times. This could be attributed to increasing film thickness and the change of stoichiometry of resulting Cu x S thin films. Optical transmission measurements were also performed for films obtained Figure 13a , 13b, 13c, 13d, and 13e respectively. These spectra indicate that the Cu x S films have high transmittance after the absorption edge at about 670 nm throughout the visible and near-infrared region. Lower transmittance is observed from films deposited from baths with a higher concentration of copper and thiourea. The optical bandgap (E g ) of the film was estimated from the intercept of the linear portion of the plot of (αhν) 2 against (hν) on the (hν) axis i . Fig. 14 shows estimated values of band gaps for the Cu x S thin films prepared at various deposition times (30-90 min). Values in the range of 2.2 to 2.8 eV were obtained. The reported bandgap of copper sulfide (Cu x S) varies in the range of 1.2-2.7 eV, depending on the stoichiometry. 12 We observed a trend of decreasing bandgap with an increase in film thickness and lower sulfur content. Table II summarizes the optical bandgap, atomic ratio of Cu/S, and average grain size for Cu x S films with different thickness. Thickness dependence of bandgap had been attributed to the following reasons: (i) crystal size, (ii) internal microstrain, (iii) the degree of preferred orientation, and (iv) stoichiometry (i.e. Cu/S atomic ratio) of the film. [24] [25] [26] [27] [28] It can be seen from Table II that the Cu/S atomic ratio, which was determined by EDS, decreases with film thickness. The changing Cu/S atomic ratio is likely a result of changing bath chemistry as a function of deposition time.
The dependence of bandgap with the Cu x S film composition is shown in Fig. 15 . These films were prepared from the solution bath with various ratios of [CuSO 4 ]/[SC(NH 2 ) 2 ], resulting in different stoichiometry of Cu x S thin films. Table III summarizes the optical bandgap, atomic ratio of Cu/S, film thickness as well as average grain size for Cu x S films. In this case the shift in bandgap can be attributed to different stoichiometry as well.
Conclusion
An in-situ QCM measurement was carried out to study the growth kinetics of copper sulfide thin films by CBD. The correlation of the initial growth rate as a function of the main reaction parameters (temperature, concentration of reactants, and pH) was investigated. The reaction activation energy was determined based on the initial growth rates. The value of 68 [kJ/mol] indicates the rate limiting step of the deposition is chemical reaction 
